more similar to an avian reference virus (A/Duck/ Ukraine/I/63) and one more similar to a human virus (A/Aichi/2/68). The haemagglutinin (HA) genes from two of the H3 seal viruses showing different antigenic reactivity (A/Seal/MA/3911/92 and A/Seal/MA/ 3984/92) were 99.7% identical, with four nucleotide differences accounting for four amino acid differences. Phylogenetic analysis demonstrated that both of these sequences were closely related to the sequence from the avian H3 virus, A/Mallard/New York/6874/78. This indicates that influenza A viruses of apparent avian origin, including the H3 subtype viruses, continue to infect seals.
Interspecies transmission of influenza A virus is an important factor in the evolution and ecology of influenza viruses. There is strong evidence for interspecies transmission between birds and marine mammals, birds and pigs, seals and humans, and pigs and humans (Hinshaw et al., 1983; Bean et al., 1992; Webster et al., 1992; Wentworth et al., 1994) . Transmission of an H7N7 virus from seals to humans has been reported under conditions of close contact with experimentally infected seals (Webster et al., 1981 a, b) . Thus, it is important to monitor influenza A virus isolates from various natural hosts.
The first report of influenza A virus infection in seals was associated with a severe epizootic of pneumonia in harbour seals (Phoca vitulina) off the New England coast between December 1979 and October 1980 (Webster et al., 1981b; Geraci et al., 1982) . An estimated 600 seals died during this outbreak and an H7N7 influenza virus, A/Seal/MA/1/80, was isolated. A second epizootic of * Author for correspondence. Fax +1 608 263 6573. e-mail callanr@svm, vetmed, wisc. edu
The nucleotide sequence data presented in this paper have been assigned the accession numbers L31949 and L32024 in the GenBank database. pneumonia in seals occurred from June 1982 to August 1983 and was associated with an H4N5 influenza virus, A/Seal/MA/133/82 . Both influenza virus isolates were of avian origin (Webster et al., 1981b; Kida et al., 1982; Nacre & Webster, 1983; Hinshaw et al., 1984) .
In cooperation with the New England Aquarium, we have continued surveillance for influenza virus infection in marine mammals along the New England coast. Tissue samples from seals that died naturally were cultured for influenza virus by inoculation of tissue homogenates into embryonated chicken eggs. Over 450 tissue samples from marine mammals were tested since 1989. Influenza A viruses were isolated from harbour seals that were stranded and died along the Cape Cod peninsula of Massachusetts in January 1991, and again in January to February 1992. These isolations were associated with an increase in the number of strandings for those periods as compared to previous years.
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* HI titres are expressed as the reciprocal of the dilution of the antibody that fully inhibits four haemagglutinating doses of virus.
t Homologous values underlined. ~c MAbs prepared to A/Aichi/2/68 (A13/1, A22/1, A32/2, A48/2, All0/2) and A/Duck/ Hokkaido/8/80 (D11/3, D13/1, D17/4, D22/3, D58/2). Hinshaw et al., 1984; Webster et al., 1981b) . These viruses possessed a neuraminidase (N6) different from that of the previous H4 seal viruses (N5) and thus are distinct isolates, most likely to avian origin.
From September 1991 to April 1992, an increase in the numbers of animals found stranded along Cape Cod was again observed. This was associated with higher than usual serum antibody titres for phocine distemper virus. Influenza A viruses of the H3N3 subtype (A/Seal/MA/ 3911/92, A/Seal/MA/3984/92 and A/Seal/MA/ 4007/92) were isolated from lung tissue of three harbour seals between 27 January and 18 February, 1992. Again, the pathologic lesions were consistent with viral pneumonia and included acute interstitial pneumonia and subcutaneous emphysema. Bacterial cultures were not performed on any of these samples due to postmortem autolysis and contamination. This was the first isolation of H3 subtype influenza viruses from seals and was significant because H3 viruses commonly infect other species including humans, pigs, horses and birds. Antigenic and genetic studies of the haemagglutinin (HA) from these seal H3N3 viruses were performed to evaluate their relationship with H3 subtype influenza viruses isolated from other species.
The antigenic character of the viruses was determined by haemagglutination inhibition (HI) assays using H3 specific antisera and monoclonal antibodies (Kendal & Pereira, 1982) . The H3 antisera were obtained from goats immunized with purified HA of the viruses A/Aichi/2/68 (H3a), A/Equine/Miami/I/63 (H3b) and A/Duck/ Ukraine/I/63 (H3c). The monoclonal antibodies were prepared to either A/Aichi/2/68 (A 13/1, A22/1, A32/2, A48/2 and A110/2) or A/Duck/Hokkaido/8/80 (D11/3, D13/1, D17/4, D22/3 and D58/2) (Kida et al., 1987) . The antigenic reactivity patterns of the three seal viruses differed (Table 1) . Two of the three seal viruses (A/Seal/MA/3911/92 and A/Seal/MA/4007/92) had patterns similar to A/Duck/Ukraine/1/63 and one virus (A/Seal/MA/3984/92) had a pattern more similar to the human virus, A/Aichi/2/68. This suggested that these 'seal' viruses could have originated from other host species.
To further evaluate these H3N3 isolates, we sequenced the HA genes from two of the viruses that were antigenically distinct (A/Seal/MA/3911/92 and A/Seal/MA/3984/92). Viral RNA was isolated and the HA genes were reverse transcribed and amplified by PCR, as described previously (Noble et al., 1993) . The four primers used for reverse transcription and PCR were H3-1 (5' AGCAAAAGCAGGGGATACTTTC 3'), H3-981 (5' TACGGAGCATGTCC(C/T)AAGTATG 3'), H3-1095R (5'CTATAAA(A/T)CCTGCTA-TTGCACCG 3") and H3-1765R (5" AGTAGAAACAA-GGGTGTTTTTAAT 3'), where R indicates reverse primers. HA1 and HA2 PCR products were obtained from the H3-1/H3-1095R and H3-981/H3-1765R primer combinations, respectively. The HA 1 and HA2 products were ligated into the EeoRV site of the Bluescript SK(+) phagemid (Stratagene) using a TA overhang protocol (Ausubel et al., 1989) and cloned into E. coli DHIOB cells (Hanahan, 1983) . The cloned segments were sequenced using the dideoxynucleotide termination method (Sequenase, USB). Three HA1 and three HA2 clones were sequenced for each virus. Restriction fragment subclones allowed sequencing of the full gene in both directions. The sequences were assembled using the Genetics Computer Group software (Genetics Computer Group, 1991) .
The HA gene sequences of seal H3 viruses are 1766 nucleotides long. This is one nucleotide longer than the HA sequences reported for other H3 viruses with the exception of those from equine H3 viruses which have a deletion of nucleotides 81-83 and a total length of 1762 nucleotides. The sequence used for the H3-1 primer apparently resulted in an extra base at position 18. The first 22 and last 24 nucleotides of the sequences which are dictated by the oligonucleotide primers are outside the open reading frame which starts at nucleotide 31 and ends at nucleotide 1728.
The two H3 sequences were 99.7% identical at the nucleotide level and 99.3 % identical at the amino acid level. The deduced amino acid sequence of the seal H3 HA is 566 amino acids long. Notable structural features are similar to those reported for other H3 HAs Wilson et al., 1981; Weis et al., 1988) . There is a 16 amino acid signal peptide at the amino terminus. Amino acid residue 17 of the complete seal H3 sequence corresponds to residue number 1 of the HA of X-31, for which the three-dimensional structure has been determined . In the following discussion of the amino acid sequence this numbering convention is used.
There were four nucleotide differences between the two sequences, each conferring an amino acid change. Two differences were observed in the HA1 segment (nucleotides 490 and 738, amino acids 138 and 220) and two in the HA2 segment (nucleotides 1381 and 1537, amino acids 435 and 487). Both changes in the HA1 are associated with antigenic sites . Residue 138 lies within antigenic site A and residue 220 lies within antigenic site D. Both of these differences (A to T and R to S, respectively) may therefore affect the antigenic reactivity of the HA. The monoclonal antibodies used in this study have been mapped to ten different epitopes (Kida et al., 1987) . It is notable that these two amino acid differences caused changes in antigenic reactivity with several of these monoclonal antibodies mapping to different epitopes.
The receptor binding site sequence (residues 225-230) plays a role in the host specificity of H3 viruses (Naeve et al., 1984) . Mutations at residues 226 and 228 of the receptor binding site are associated with changes in the biological properties and specificity of the sialic acid binding sites of H3 viruses Naeve et al., 1984) . Residues 226 and 228 of the seal isolates are glutamine and glycine, respectively, which coincide with the consensus for the receptor binding site of most avian and equine H3 viruses. Most human and swine H3s have leucine and serine for residues 226 and 228, respectively. The H7N7 (A/Seal/MA/1/80) and the H4N5 (A/Seal/MA/ 133/82) viruses previously isolated from seals also have the same avian receptor binding sequence, G2zs-Q-S-GR~o (Naeve & Webster, 1983; Donis et al., 1989) . This suggests that this binding sequence may be well adapted for seals since mutations away from this sequence have not been observed in viruses isolated from seals. Interestingly, residue 228 of the most closely related avian virus, A/Mallard/New York/6874/78, is arginine rather than glycine, suggesting that the HA of these seal isolates has apparently maintained the more common avian receptor binding sequence.
Other structural features of the seal H3 virus HA include a cleavage activation site, Q327-T-R-G-L331, which is conserved in relation to the avian H3 virus cleavage activation site (Kida et al., 1987; Bean et al., 1992) . Both seal viruses have five potential N-linked glycosylation sites (N-X-T/S) in the HA1 segment (residues 8, 22, 38, 165 and 285) and one site in the HA2 segment (HA2 residue 154). These sites are the same as in the A/Mallard/New York/6874/78 HA and are consistent with those in most HAs of the H3 subtype. An additional glycosylation site at residue 81 is present in some human and avian H3 HAs. The H4 seal isolate (A/Seal/MA/133/82) has four glycosylation sites (residues 2, 18, 162 and 294) in HA1 and one in HA2 (HA2 residue 154) (Donis et al., 1989) . There is less similarity with the H7 seal isolate (A/Seal/MA/1/80) which has only three glycosylation sites in HA1 (residues 12, 28 and 231) and two in HA2 (HA2 residue 82 and 154) (Naeve & Webster, 1983) . The significance of these differences is not apparent.
The H3 seal virus HA nucleotide sequences were compared to 33 other H3 sequences available from GenBank and were found to be most similar to that of A/Mallard/New York/6874/78 (94.6 % identity), suggesting that both viruses were of avian host origin. To confirm this relationship, phylogenetic analysis by maximum parsimony was performed on the HA nucleotide sequences using the program PAUP (Swofford, 1993) . The resulting phylogeny tree of the H3 sequences was similar to that previously reported (Bean et al., 1992) and shows three major lineages of H3 viruses: (1) the equine viruses, (2) viruses predominantly isolated from birds in North America and (3) the remaining avian, swine and human H3 viruses. This analysis clearly demonstrates a close relationship between the HAs of these seal viruses and H3 influenza viruses isolated primarily from North American birds. A truncated phylogeny tree showing the relationship of the HA genes from these seal viruses with the HA genes from other representative H3 viruses is presented in Fig. 1 . This is the first report of a mammalian H3 virus associated with this phylogenetic branch of avian H3 influenza viruses. This indicates that the H3 viruses predominating in North American birds are capable of adapting to mammalian hosts and are a source of genetically distinct H3 viruses that could potentially infect pigs or humans. The antigenic relatedness determined by HI assays did not coincide with the genetic comparisons. The HAs of the reference viruses used for comparison in the HI assays were genetically quite distinct from these seal virus HAs. In fact, the HAs from the avian (A/Duck/ Ukraine/1/63) and human (A/Aichi/2/68) reference viruses were genetically more similar to each other than they were to the HAs from these seal viruses (Fig. 1) . The discrepancy between using antigenic reactivity versus genetic sequence analysis in determining evolutionary pathways has previously been reported (Kawaoka et al., 1990) .
The similarity in the HA of the seal virus isolates to that of A/Mallard/New York/6874/78 may be related to a common geographical location. Distinct lineages of H4 HA genes are geographically related and similar relationships are observed with H3, H5 and H7 avian viruses as well (Donis et al., 1989) . It is interesting that there are 95 nucleotide changes and only 21 amino acid changes between the HAs of A/Mallard/NY/6874/78 and the two seal viruses. However, all four nucleotide differences between the two seal viruses account for amino acid differences. The sequence data and phylogenetic analysis indicate that the two seal viruses diverge from a single common node and suggest that they arose from a common virus that entered the seal population as a single event. Unlike avian viruses, which tend to evolve through random mutations in the HA without selective pressure, it appears that changes in the HA of these seal viruses were driven by selective pressure.
The data presented here demonstrate that the HAs of the H3 influenza viruses isolated from seals are genetically most closely related to the HAs of viruses recovered from North American birds. This finding, along with the N3 neuraminidase subtype suggest that these viruses are of avian origin. This is consistent with the conclusions from studies of previous seal influenza virus isolates Webster et al., 1981b) . It is likely that close contact between coastal birds and seals is the basis for the interspecies transmission. Natural infection of seals with the H4N6 and H3N3 influenza isolates during 1991-1992 did not cause a severe epizootic of pneumonia in the seal population as was experienced in 197%1980 (A/Seal/MA/1/80, H7N7) and 1982-1983 (A/Seal/MA/133/82, H4N5). It may be that these more recent isolates (H4N6 and H3N3) are less pathogenic in seals. Alternatively, environmental conditions and/or secondary pathogens may be additional factors involved in the development of epizootics in the seal population (Geraci et al., 1982) .
The repeated isolation of influenza viruses from seals indicates that this species is susceptible to infection with influenza viruses, and in each case the viruses appear to originate from an avian reservoir. The detection of four different influenza subtypes (H7N7, H4N5, H4N6 and H3N3) indicates that seals could play a role in genetic reassortment between influenza viruses. Viruses capable of infecting and replicating in seals may be more adapted to mammalian than to avian hosts. The possibility of genetic reassortment, along with the potential for interspecies transmission, emphasizes the importance of continued surveillance of influenza viruses in seals.
